Structure and organization of two complete ribosomal RNA (rRNA) gene sets, rrnO and rrnA, were determined for the first time in Bacillus subtilis. They are located at the region of the replication origin of the chromosome. Each set constitutes a single operon of : two tandem promoters -leader sequence -16S rRNA gene -Ile-tRNA gene -Ala-tRNA gene -23S rRNA gene -5S rRNA gene -termination signal. The first promoter (PI) of rrnO differs from that of rrnA in sequence and function. PI of rrnO was used very little for transcription either in vivo or in vitro while PI was predominantly used in rrnA. A putative transcript of the entire operon was determined and constructed into a secondary structure. Analysis of in vivo transcripts by SI mapping revealed primary processing sites at the loop and stem structure of 16S rRNA in rrnO and rrnA. A unique sequence in the leader region of rrnO can be formed into a highly complexed secondary structure and affects processing of mature 16S rRNA. The sequences of the two spacer tRNA genes are highly conserved between B_. subtilis and Escherichia coli.
INTRODUCTION
Bacillus subtilis is a gram positive bacterium with a unique life cycle. In addition to the normal cell division cycle, typical for exponential growth of bacteria, it can transform into a resting state, spore, under conditions unfavourable for propagation. In turn, the spores are activated by nutrients to begin new growth cycles. In each of these processes, the cell must undergo specific regulation for macromolecular synthesis. Since ribosome synthesis is involved directly in cell proliferation, regulation of gene function involved in ribosome 1s one of the important problems in molecular biology of B_. subtilis. Structure and function of rRNA gene sets may have special implications for regulation of cell growth and differentiation of this bacterium.
genes occur between two tandem rRNA genes sets (5) and these may be derived from the clustered rRNA gene region located near the origin, however, this gene segment has not been mapped. Another group of 21 tRNA genes has been found distal to an rRNA gene set (6) . This group has been located between argA and thr (K. Bott, personal communication) and is not near the origin. Recently a new rRNA gene set, rrnA, was found by genetic analysis to be near the replication origin of the chromosome (7) . More recently, during the study of the structure and function of the replication origin of the chromosome, we have found 1n collaboration with Seror-Laurent's laboratory another rRNA gene set, rrnO, within the first replicating fragment (8, 9) . Combination of analysis of restriction enzyme fragments from the origin region and hybridization with rDNA made it possible for us to construct a detailed map of rrnO and rrnA gene sets at the replication origin region (10) . Portions of the rRNA gene sets have been cloned by shot-gun type experiments. Using these cloned DNA, structure of the gene set has been determined fragmentally both by determining restriction enzyme cleavage sites (11) and nucleotide sequence (4, 5, 8) .
In this paper we describe cloning of the region of the replication origin including a complete set of these two rRNA gene sets. Nucleotide sequences of the entire gene sets were determined except for the internal sequence of 16S and 23S rRNA structural genes. Each gene set consists of : two promoter signals -16S rRNA gene -Ile-tRNA gene -Ala-tRNA gene -23S rRNA gene -5S rRNA gene -termination signal, thus composing a single transcriptional unit. Comparison of signal sequences in leader and spacer regions revealed unique structures both in rrnO and rrnA. Transcription of the operons and processing of the transcripts were analysed in vivo.
MATERIALS AND METHODS Bacterial strains and plasroids
Bacillus subtilis CRK2OO0 (Ieu8, trpC, thyAB) (12) was used throughout. A temperature sensitive dna_ mutant, B_. subtilis CRK20O6 (Ieu8, trpC, thyAB, ts6057) (13) was used to amplify the replication origin region of the chromosome. Escherichia coli C600 (thr, leu, thi, tonA, lac, supF) was used as a host for cloning of B_. subtilis chromosomal fragments. Plasmids used in this study are listed in Table I . Chemicals
[7^2P]-ATP (PB10168, 3000 C1/mmole) and [a-
32 P]-dCTP (PB10205, 3000
Ci/mraole or PB10165, 400 Ci/mmole) were purchased from Amersham International 14 14 this study this study this study this study this study this study Ltd (Amersham, UK). T4 DNA polymerase, T4 polynucleotide kinase and restriction endonucleases except for Ddel and Rsal (from New England Biolabs Inc., Maryland, USA) were from Takara Shuzo Co. Ltd (Kyoto, Japan). DNA polymerase I and DNase I used for nick translation were from Amersham International Ltd (Amersham, UK). DNase I used for RNA preparation was from Worthington Biochemical Co. (New Jersey, USA). Protease K, calf intestine alkaline phosphatase and plasmid pBR328 DNA were from Boehringer Mannheim GmbH (Mannheim, Germany). Charon28 DNA and a low-melting-point agarose were from Bethesda Research Laboratories, Inc. (Maryland, USA). Cloning of chromosomal fragments from the region of the replication origin Partial digests of the whole B_. subtil is chromosome with EcoRI were fractionated by electrophoresis in a 0.7% low-melting-point agarose gel as described previously (14) . A DNA fraction containing fragments of 15-20 kbp was cloned into Charon28 phage (15) using an in vitro packaging method (16) . The first replicating BamHI fragment of the B_. subtil is chromosome, B7, and one of its sub-fragments E6' have been cloned (14) . Another origin fragment, B6, was also cloned into pMSl02' (14) by the same procedure used for the cloning of the B7 fragment (14) . E6
-and a 2.1 kbp Hindi 11 sub-fragment (E3 1 ) in B6 (see Fig. 1 ) were labeled with 32 P by a nick translation procedure specified by the supplier, using "Nick Translation Kit" (Amersham International Ltd, Amersham, UK). They were used as probes to select phage plaques containing DNA fragments from the replication origin region including two ribosomal RNA (rRNA) gene sets, rrnO and rrnA. In situ plaque hybridization was performed as described in a manual (17) . The strategy for cloning and resulting cloned fragments are shown 1n Fig. 1 . Isolation of the cloned DNA Charon phages were amplified in E_. coli C600 using LB medium (18) . Phage particles were concentrated with polyethyleneglycol 6000 and purified by CsCl density gradient centrifugation (19) . They were then treated with SDS and Protease K and then DNA was isolated by phenol extraction and precipitation by EtOH. Plasmid DNA was amplified in £. coli C600 in the presence of chloramphenicol and purified by a cleared lysate method (20) . Determination of nucleotide sequence Nucleotide sequence of DNA fragments was determined by the method of Maxam and Gilbert (21) . The 5'-tenninal nucleotides were labeled with 32 [y-P]-ATP by T4 polynucleotide kinase after removing 5'-phosphate with calf intestine alkaline phosphatase. When blunt or 3'-protruding ends were labeled, some nucleotides from the 3'-ends should be removed prior to the labeling in order to increase the efficiency of the labeling. The 3'-ends 32 were labeled by incorporation of [a-P]-dCTP with T4 DNA polymerase as described before (8).
Determination of transcripts by SI nuclease mapping
Spores of B_. subtilis CRK2000 were prepared as reported previously (12) and germinated in a synthetic medium GM11 (22) . Germinating spores or exponentially growing cells were killed quickly by the addition of an equal volume of an EtOH-phenol mixture (753S ethanol, 21 phenol in 20 mM acetate buffer pH 5.0, 2 mM EDTA). DNA and RNA were purified from cells and germinating spores as reported previously (23) . DNA was then digested by DNasel for 5 min at 37°C and RNA was recovered by phenol extraction and EtOH precipitation. In the case of early stage of germination, spores were first treated with a mixture of 7 M urea-25% thioglycolic acid for 1 hr at 37°C (12). SI mapping was performed according to the procedure described previously (24) .
RESULTS

General properties of phages and plasmids containing rRNA gene sets
We have succeeded for the first time in cloning a large DNA fragment containing a complete rRNA gene set of rrnO or rrnA in a Charon vector (Fig.  1) . We have shown previously that a promoter of rrnO causes segregation of E_. col i plasmids that carry it. Charon phages containing the complete gene set Including the promoter region of rrnO or rrnA produced tiny plaques. Infectivity of these phages in liquid culture is also low with smaller burst sizes (data not shown). In order to select desired clones, it is essential to use a primary phage population packaged in vitro, without multiplication in E_. coli cells. These tiny plaques could be isolated only with careful procedures using the selective detection method described in this study (Fig.  1) . The insertion of the fragment is restricted in one direction relative to arms of the vector and no fragment containing a partial rRNA gene set terminated in midway was Isolated in spite of careful attempts.
Two of the EcoRI fragments, El9 and El4, each containing promoters for rrnO and rrnA respectively, were recloned into pBR322 and pBR328 with only a low yield indicating low copy numbers as reported previously for the B7 fragment which contains E19 (14). These results suggest that suppression for autonomous replication of plasmids is not restricted to the promoter of rrnO, but is common to all rRNA promoters. All other EcoRI fragments Including the largest fragment E3 were readily recloned in pBR vectors except for two fragments E4 and E5. These fragments may either code for another type of sar Similar tandem promoter like structures were identified 1n the rrnA operon. The third tandem promoter for a rRNA operon, rrnB, was found recently (K. Bott, personal communication). In rrnA the first promoter (PI) is prefered for in vivo transcription as described in the later section (see Fig. 8 ). The same preference for PI is also observed in rrnB (K. Bott, personal communication).
Comparison of the two PI sequences reveals that two structural features are unique 1n rrnO (Fig. 4) . First, sequences of -35 box and number of nucleotides between -35 and Pribnow boxes differ from those of rrnA and other B_. subtil is promoters (Fig. 5) . Second, immediately after the Pribnow box a remarkable invertedly repeated sequence was found only in rrnO. Since the same sequence AAGCACACAAG appears again in the corresponding position of the 3'-side of the P2 of the same operon, the sequence may have some regulatory role in transcription. Either one or both of these structures may be responsible for the low transcriptional activity of PI in rrnO.
Structure of both PI and P2 of rrnO and rrnA are compared with other promoters reported in B_. subtil is (Fig. 5) . Similarities in the sequences of the two signal boxes and in the numbers of nucleotide between the two boxes are striking. The differences detected in rrnO are more revealing in this Spacer sequences: Three hundred and forty-seven base pairs span the two rRNA genes, 16S and 23S rRNA genes, of rrnO operon ( Fig. 2 and 6 ). Although nucleotide sequence of the same spacer region of rrnA has not been determined, a fine map of 6 kinds of restriction enzyme cleavage sites (see Fig. 2a ) of this region is identical between the two operons suggesting that most of the sequence is conserved between the two operons.
The first 80 bp (spacer 1) codes for a nucleotide sequence that comprises the stem and loop structure that flanks 16S rRNA (Fig. 6) . Fifteen bp near the root of the stem appears again at the root of the stem for 23S RNA. Two sequences are identical even with a single bulged G-G pair, suggesting a putative site for one and the same processing enzyme.
At 20 bp downstream from the stem structure, two tRNA genes, Ile-tRNA and Ala-tRNA, are located with 11 bp spacer (spacer 2) between them. The Fig. 5) . A large loop structure of 37 nucleotides may also be important for the processing because the sequence is conserved between rrnO and rrnA, judging from restriction enzyme cleavage sites for 6 enzymes (Fig. 2) . The restriction enzyme map of the spacer region of rrnA showed an addition of some 80 bp in the spacer region between 23S and 5S rRNA genes. The sequence determination revealed that a 78 bp sequence was inserted at the sixth nucleotide upstream from the starting nucleotide of the 5S rRNA gene (Fig. 7) . Sequences of the spacer region between 23S and 5S rRNA genes have been determined from 4 rRNA gene sets, rrnO, rrnA, rrnB (6) and the first gene set of a tandemly repeated gene sets (5). These sequences are well conserved except for the 78 bp insert which is found only in rrnA. The function of the insert is not known. 5S rRNA gene and termination signal: A gene for 5S rRNA begins at 11 bp downstream of the stem structure for 23S rRNA (Fig. 6 and 7) . The sequence of the gene is identical with that of the 5S rRNA published previously (25) . Following the 5S rRNA gene, the transcript forms a stable hair-pin structure with a tail of long poly-U stretch, typical for a transcriptional termination signal (Fig. 6) . The same sequence has been isolated as a 3'-terminal Total RNA was isolated from spores, germinating spores or exponentially growing cells and SI mapping was performed as described 1n MATERIALS AND METHODS. For germinating spores, spores of B. subtil is CRK2000, 10 B spores/ml, were germinated in a synthetic mecTi um GM11 (22) for various times and then killed as described. A 5 ml culture was used for each sample. For exponentially growing cells, B. subtil is CRK2000 was grown in a synthetic medium C+G (23) to Klett uniti20 (ca. 10 9 cells/ml). Cells from 2.5 ml culture were killed as described. RNA was isolated as described in MATERIALS AND METHODS and then used for the SI mapping procedure with 32 P-labeTel probes. Portions of 32 P-labeled probe DNA which are protected against SI nuclease by transcripts were separated 1n 4% polyacrylamide gel containing 7 M Urea. Autoradiograms are shown in a (rrnA probe) and b (rrnO probe). This processed species is stable to rifampicin treatment, while other species including intact transcripts are decreased rapidly during the same treatment (data not shown). This molecule was detected in germinating spores, but neither in the spore itself nor during exponential growth (Fig. 8) .
Transcription of rrnA operon was also examined with the same method using a leader sequence from rrnA as a probe for the SI mapping (Fig. 8) . Essentially the same types of transcripts were detected as those found in rrnO transcripts except for the product formed by cleavage at the site C in rrnO. The data indicate the presence of common sites for processing of 16S RNA. Quantitatively, however, a remarkable difference was observed in intact transcripts. Unlike rrnO, PI was preferentially used in rrnA. The leader sequence used in this experiment may share homologous sequences with other operons, thus would hybridize with transcripts from other rRNA operons. However, the clear difference in SI mapping pattern in rrnO and rrnA shows no cross reaction between transcripts from rrnO and rrnA. Moreover, K. Bott found, using the same method, a preferential transcription from the first promoter of rrnB (personal communication). The leader sequence of rrnO and rrnB shares the same characteristic 65 bp sequence in addition to general similarity in conserved regions. Therefore we conclude that transcripts specific for the leader sequence used as a hybridization probe can be discriminated from each other under the conditions used 1n this experiment.
DISCUSSION
We have determined organization and nucleotide sequences of two complete rRNA operons in B_. subtil is for the first time. Sequence of the central portion of structural genes for 16S and 23S rRNA are still incomplete. However, sequences from 5'-and 3'-terminal portions of both RNA genes are identical with those reported previously for these genes (4,5) and RNA (27,28).
Two tandem promoter-like structures were found at 5'-side of each gene set. They are characterized as promoters both by sequence analysis and by in vitro and in vivo transcription. At the 3'-end of 5S rRNA gene, a typical termination signal was detected. The same structure has been found at the 3'-end of the precursor molecule for 5S rRNA (26), strongly suggesting that the putative termination signal indeed acts as a terminator for the transcription. From these data we conclude that both rrnO and rrnA gene sets constitute a single transcriptional unit, an operon.
Cloning of the complete operon in the Charon vector met with difficulties due to low infectivity of the cloned phages. Tiny plaques were detectable only with careful observations by using primary packaged phages and specific probes to detect the promoter region. Recloning of sequences containing promoters from both rrnO and rrnA also revealed the inhibitory effects of these promoters on plasmid replication in £. coli, confirming the effect of sar sequence reported previously for P2 promoter of rrnO operon (8). These results suggest that the cis-inhibitory effects on plasmid replication is common to all strong promoters for rRNA operons. We assume that the replication origin of the B_. subti 1 is chromosome is located very close to or overlapped with rrnO operon. The autonomous replication sequence of the chromosome has not been cloned because of the inhibitory effect of the promoter on plasmid replication.
The rrnO operon may have a direct role in initiation of chromosomal replication. Its structure attracts our attention in two respects. First, the PI promoter is hardly at all used 1n transcription probably because of unique structural features in -35 region sequence: number of nucleotides 1n the spacer between the two signal boxes and in a 3'-side palindromic structure adjacent to PI. Second, the characteristic structure of the 65 bp sequence adjacent to 5•-end of 16S rRNA produced a unusally processed transcript. These unique features in transcription and processing of rrnO operon may be related to the fact that the operon is located at the replication origin.
Comparison of promoter sequences revealed a consensus sequence of 7 bp at the putative site of initiation of transcription of rRNA operons and one tRNA operon. These sequences resemble to a stringent sequence found in E^_ coli (29) and may have some regulatory role in transcription of stable RNA in B_. subtil is.
Both rrnO and rrnA contain two spacer tRNAs, Ile-tRNA and Ala-tRNA, between 16S and 23S rRNA genes. Since Loughney et al. estimated that two sets of the identical spacer tRNAs are present in the B_. subtil is chromosome by random hybridization experiments (4), rrnO and rrnA are assumed to be the only two operons that carry the Ile-tRNA -Ala-tRNA combination.
The combination of Ile-tRNA and Ala-tRNA is also found in the spacer tRNA in £. coli (30) . Moreover, the sequence of these two tRNAs are much more conserved than those of other tRNAs 1n the evolutionary divergence between £. coli and B_. subtil is. The role of the spacer tRNA in processing of rRNA has been suggested. However, since other multiple rRNA genes sets in B^. subtil is do not contain any spacer tRNAs, these spacer tRUAs may have other hitherto unknown functions.
We have demonstrated processing of the transcript in the region of the leader sequence both for rrnO and rrnA in vivo. Such analysis is limited to the processing of the 16S rRNA moiety. However, similarity in structure between the stems of 16S rRNA and 23S rRNA suggests that similar endonucleolytic cleavage occurs in processing of 23S rRNA. In addition to generally processed material which has a short half-life as a precursor for mature RNA, a more stable processed molecule, which would give rise to a slightly larger 16S RNA, was produced from rrnO only during spore germination. The function of this unusual molecule is under investigation.
